CERN Detector Seminar, April 28, 2017

Monolithic Silicon Pixel Detectors
in HEP — Overview and Status
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Outlook

Monolithic Pixel Detectors

The ALICE ITS

Further Developments of Monolithic Pixel
Detectors

Summary
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Silicon Tracking Detectors

- Complex systems operated in a challenging high track density environment
- Innermost regions usually equipped with pixel detectors

CMS Pixel Detector ALICE Stnp Detector ATLAS SCT Barrel
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Tracking — Momentum Resolution
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Impact Parameter

- Excellent impact parameter resolution is mandatory for
reconstruction of heavy flavor vertex (c and b vertex)

- Secondary vertices reconstruction strongly depends on
Impact parameter resolution

& i Night line__., R ‘
- o= / ".
T primary verex
dy //

- Impact parameter resolution is strongly effected by
« Intrinsic point resolution and alignment at higher momentum

« Multiple scattering in detector material (in particular for low
pt tracks)
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Hybrid Pixels
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Sensor and ASIC are independent units

Complex readout with zero-supression and
in-pixel hit buffering

Separately optimize sensor and FE-chip
for very high radiation environment

Copes with high hit-rates

Interconnection needed to connect each
pixel in the sensor to a readout cell in the
ASIC - fine pitch bump bonding

Thick detector modules (X, 1.14-2.7%)

Hybrid Pixel detectors at pp colliders due
to high radiation/hit rate

£ o4 | DO

Sensor Diode + FE chip
preamp

front-end
chip

pixel
detector
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LHC Hybrid Pixel Detectors

CMs ™ 'w;r\ T

\ &r.& wanel

all based on f 2t v =\
“Hybrid Pixels”

\Inside of left " ,
N supply tube l

rear contact I

Sensor-substrate |
(n-doped, depleted)

poel electrode

CMOS-Elektronics

e amplification by a chip substrate

dedicated R/O chip
e 1-1 cell correspondence
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Monolithic Active Pixel Detectors (MAPS)

« Charge generation volume integrated into

the ASIC, but many different variants! * ‘D' 'D'

* Thin monolithic CMOS sensor, on-chip O

digital readout architecture Pre

« Advantages for larger surfaces due to
assembly simplification and costs

« Small pixel and thin detectors (e.g. 28x28
um? & 0.3%/layer in Alice ITS)

» Design limits for highest hit rates

p++ substrate

 Radiation hardness limits 7 particle track

* Monolithic CMOS sensors so far usually

target “low-radiation environments”
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CMOS Active Image Pixel Sensors

CMOS active image pixel sensor originally developed by
NASA/JPL (patents by Caltech) in 1992

Used (vanilla) CMOS process available at many foundries -
easily accessible

First versions contained in-pixel source follower amplifier for
charge gain, low noise Correlated Double Sampling, basis for
camera-on-chip

Though specialized fab processes are required, the market has
driven developments leading to CMOS sensors dominating the

field.
ER Fossum, CMOS Active Pixel Sensors — Past, Present and Future, 2008
https://pdfs.semanticscholar.org/6d85/af67a846d13b7e7502f7fa96c0729¢c972590.pdf
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CMOS Active Image Pixel Sensors

While 1980s were dominated by CCDs (camcorder market)

«  The 1990s/2000s have shown an increasing demand for CMOS
imaging sensors due to the camera phone market

Technology x Market Penetration .

t Era of Digital
Photography

Era of Mobile
Photography

€

Era of Film
. Photography .

canon
| Nikon
CMOS

ccD . technology:
technology |  Took over

‘First color :
‘pictures from _

femulslon
plates in

. Tube

Took over .  CCDin 2010
:1860's ‘technology |  Filminthe '
' ‘Nevertook . 2000's
-over Film '

1865 soyears 1945 oyears 1985 20years 2005 10years 2015 syesrs 2020

http://www.eetimes.com/document.asp?doc_id=1325655&image _number=1
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CMOS Active Image Pixel Sensors

What are the advantages of CMOS imaging sensors
(camera-on-chip) in industry? For example:

 Low power,
important for

. Pixel arra
portable devices _ y.
Signal chain
« Compact cameras ADC
duehfto system-on- Digital logic
a-chi :
P — |/O interface
— Timing and control
« Fewer
components — Exposure con’FroI
needed — Color processing
ER Fossum, CMOS Active Pixel ° Ancillary circuits
Sensors — Past, Present and Future,
2008
: [ ST Pain et al.
e et

90 pdf
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MAPS in HEP?

Silicon trackers are part of the core tracking
systems of all present LHC experiments.

Monolithic pixel detectors can offer a number of * 'D- 1F
interesting advantages for HEP experiments:

Sensor FE chip

Commercial process (8” or 12” wafers)
Multiple vendors

Potentially cheaper interconnection
processes available

Thin sensor (50-100 um) have less material * 'D- -D-

and reduce cluster size at large eta
Diode + Amp + Digital
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MAPS for Imaging and More

Many developments in the
field of CMOS imaging
sensors and MAPS in
general within the
community!

Example:

Wafers scale (8”) imaging
sensor developed by the
RAL team (stitched)

N. Guerrini, RAL, 5t school on detectors, Legnaro, April 2013
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MAPS

Developments lead by IPHC created a number

/ionizing particle

of monolithic pixel sensors of the MIMOSA

passivation|

family:

- Epitaxial wafers with collection diode and
few transistors per cell (size ~ 20 x 20 ym?),
limited to NMOS transistors

- 0.35 um CMOS technology with only one
type of transistor

- Rolling shutter architecture (readout time
O(100 us))

- Charge collection mostly by diffusion

-

- Limited radiation tolerance (< 10" n

N7
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STAR Heavy Flavour Tracker

The upgrade of the STAR HFT
included also the installation of
the first MAPS based vertex
tracker at a collider
experiment.

DCA Pointing resolution

(10 @ 24 GeV/p-c) um

Layers Layer 1 at 2.8 cm radius
Layer 2 at 8 cm radius
Pixel size 20.7 um X 20.7 um

Hit resolution

3.7 um (6 um geometric)

Position stability

5 um rms (20 um envelope)

Material budget first layer

X/X, = 0.39% (Al cond. cable)

Number of pixels

356 M

Integration time (affects
pileup)

185.6 us

Radiation environment

20 to 90 kRad / year
2*10" to 10'2 1MeV n eq/cm?

Rapid detector
replacement

< 1 day

After R&D and prototyping the construction of 3 trackers started in 2013.

April 28, 2017
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STAR HFT

Basic Detector Element Ladder with 10 MAPS sensors (~ 2%2 c¢m each)

10 sensors / ladder
4 ladders / sector
5 sectors / half

10 sectors total .

Mechanical support with kinematic
mounts (insertion side)
e

\ !7
Al

|

(.
e NS F
’ carbon fiber sector tubes

| (~ 200 pm thick)
P.Riedler, CERN Detector Seminar 16
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STAR HFT

DCA pointing resolution

Design requirement exceeded: 46 um for
750 MeV/c Kaons for the 2 sectors
equipped with aluminum cables on inner
layer .

~ 30 umforp > 1 GeV/c

From 2015: all sectors equipped with
aluminum cables on the inner layer

10
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KA ¢ Kaons

N[ ® Pions
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MAPS Evolution

L. Musa, 30 years HI Forum
November 2016

Owing to the industrial development of CMOS imaging sensors and the intensive R&D work (IPHC, RAL, CERN)

Mimosa-26
2.7 cm?

hJDET Telescope) 1 | ALPIDE
f_I T - ’ BT T v

STAR HFT CBM MVD ALICE ITS Upgrade (and MFT) SsPHENIX
0.16 m?— 356 M pixels 0.08 m?— 146 M pixel 10 m2— 12 G pixel 0.2 m2— 251 M pixel

30
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Radiation Tolerance

Transistor radiation tolerance comes “for free” for deep sub micron processes and
improved design layout.

Charge collection by diffusion suffers from radiation damage beyond 10" n,, cm™!

Comparison of charge collection from Rul06 source for /ionizing particle
irradiated sensors / passivation
Seed pixel signal from m.i.p. (most probable value)
w1000 | ——a——  Mimosa25, 15 um epi, RS 16 um? 20x20 um? pitch
5 =
5 900 | it Mimosa25, 15 um epi, SB 32.5 um?, 20x20 pm? pitch| | 1 kOhm"em
% 800‘;? —®——  Mimosa25, 15 um epi, RS 32.5 um?, 20x20 um? pitch
% 700;_ g Mimosa18, 14 um epi, SB 14.62 um?, 10x10 um? pitch 10 Ohm*cm
2 f\\\\\\‘ + For depleted epitaxial
© 600" e — s layer the excellent
C SR Ty charge collection
il ¥ maintained up to the
500\' maximum tested value
G\‘ - of 3e13 Neq

400 Mimosa26,
[15 um, 400 Ohm*cm + Results from test

300* beam at CERN with
% pions of 120 GeV/c
200\ shows similar values

S (10% of difference) Deplete part or.aII of the
100}:+4 um. 10 Ohm*em charge generation volume
‘-T L1 1 l L1 1 I Ll 1 | I | 1l l 1 - l 1 L1l l 1012 1
% = T T = o 5 to collect charge by drift
fluence [neqlcmz] 11
Pixel2010, September 6 - 10, Grindelwald, Switzerland A. Dorokhov, IPHC, Strashourg, France
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MAPS

TowerJazz 0.18um CMOS imaging process

NWELL TRANSISTORS NWELL

DIODE NMOS PMOS DIODE
N-well collection electrode in high ) TRke e Wowen J \d
resistivity epitaxial layer (>1kOhmcm) ‘eeeewes DEEP_/PwELL '

Present state-of-art based on .. 1™ Diffusion
quadruple well allows full CMOS ke I S

Np ~ 1083 em—3

High resistivity (> 1kQ cm) epi-layer
(p-type, 20-40 um thick) on p-substrate

_ _ Process chosen for the ALICE ITS
Moderate reverse bias => increase (Inner Tracking System) Upgrade

depletion region around Nwell
collection diode to collect more
charges by drift

CERN
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ALICE Inner Tracking System Upgrade

=

Based on high resistivity epi layer MAPS

3 Inner Barrel layers (IB)
4 Outer Barrel layers (OB)

Radial coverage: 21-400 mm
~10 m?
In|<1.22 over 90% of the luminous region

0.3% X,/layer (1B)
0.8 % X,/layer (OB)

Radiation level (IB, layer 0): TID: 2.7 Mrad,
1.7 x 10"* 1 MeV n,, cm

Installation during LS2

ALICE ITS Upgrade TDR
CERN-LHCC-2013-024

CERN
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ALICE ITS Upgrade Design Requirements

Improve impact parameter resolution by factor of ~3 in (r-¢) and ~5 in (2)
«  Getcloserto IP: 39 mm - 21 mm (layer 0)
. Reduce beampipe radius: 29 mm - 18.2 mm
. Reduce material budget: 1.14 % X, =2 0.3 % X, (inner layers)
. Reduce pixel size: (50 pm x 425 ym) = O(30 pm x 30 um)

High standalone tracking efficiency and p; resolution
. Increase granularity and radial extension - 7 pixel layers

Fast readout

. Readout of Pb-Pb interactions at 50 kHz (presently 1kHz) and 400 kHz in p-p
interactions

Fast insertion/removal for yearly maintenance

. Possibility to replace non functioning detector modules during yearly
shutdown

CERN
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ALICE ITS Upgrade Tracking Performance

Impact parameter resolution Track reconstruction efficiency

i
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T

Improved impact parameter resolution High standalone tracking efficiency
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ALICE ITS Pixel Technology

Towerdazz 0.18 ym CMOS imaging process

» High resistivity wafers (>1kOhmcm)
with 25 uym p-type epitaxial layer on
p-substrate

« Small n-well diode (2 ym diameter),
~ 100 times smaller than pixel size
(~27 x 29 um?)

« Reverse bias voltage applied to
increase the depleted region around
the collection diode

« Deep p-well shields the n-well of the
PMOS transistors (=>full CMOS)

CE/RW
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CERN

Chip Development

Design team from CERN, INFN, CCNU, YONSEI, NIKHEF, IRFU, IPHC

2012

2013

2014

8/2015

10/2015

8/2016

I/

Explorer | 20 pum x 20 pm and 30 x 30 ym pixels (analogue readout)
P ) 1.8x1.8 mm?Z, study of pixel geometry, starting material, radiation

Matrix with 64 columns x 512 rows, 22 ym x 22 pm pixels, 11 x
1.8 mm?Z, in-pixel discrimination and buffering, zero suppression

|

pALPIDESss-0

First full scale prototype! 28 um x 28 um pixels, 15 x 30 mm?,
four sectors with variants, 1 register/pixel, no final interface

PALPIDE-1

Full scale prototype, four sectors with variants, optimisation of
circuits, integration in modules, no high speed serial output

PALPIDE-2

Full scale prototype, eight sectors with variants, all
communincation features, no ADC, no temperature sensor)

pALPIDE-3

ALPIDE Final chip

April 28, 2017 P.Riedler, CERN Detector Seminar 25
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ALPIDE Chip

E/RW
N7

Pixel size: 29 x 27 ym?2 with low power front-
end (40 nW)

Asynchronous sparsified digital readout
Power density ~300 nW/pixel

Minimized inactive area on the edge due to
pads-over-matrix design (~ 1.1 x 30 mm?)

Full size prototypes produced on different
epitaxial wafers

Partial depletion of the sensitive region
due to back bias

Extensive tests before and after irradiation

zero suppression

0.5 x 106 pixels

c
Rel
7
(]
o
—_
S
o
3
»
o
2
[0}
N

zero suppression

Buffering and Interface

April 28, 2017 P.Riedler, CERN Detector Seminar
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AMP COMP
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continuous
or
external trigger
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ALPIDE Chip Performance

100 0 O CWie oy 2 3
) e £ _ = 10°

96 Efficiency ~ Fake-hit Rate @ V__=-3V

W7-R10 ?\?on Irradiated

Detection Efficiency (%)

1
]
]
]
1
]
]
1
]
1
]
]
1
]
1
]
=)
7S
Fake-Hit Rate/Pixel/Event

[ —e— —o—

— —a—  —=— W7-R7 Non Irradiated 107
94— o e— W7-R17 TID Irradiated, 206 krad

| =) =) W?7-R5 TID Irradiated, 205 krad

— A A W7-R38 TID Irradiated, 462 krad 10
92— v ¥—  W7-R41 TID Irradiated, 509 krad

[ & o W8-R5 NIEL, 1.7¢+13 1MeV n_ / cm’

[ —&4—  —4— WB-R7NIEL 1.7e+13 1MeV n_ /cm’ 10°
90—

: 10—10
88 I'sensi

0 P 10"
86 —

_I 1 1 | 1 1 1 1 | 1 1 1 1 | 10712

100 200 300 400 500

Threshold (e)

« Large operational margin before and after irradiation up to 10 x lifetime NIEL
« Chip-to-chip fluctuations negligible
« Fake hit rate << 10
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ALPIDE Chip Performance

T °F 1°
3 — _ ]
s 7B Vgg=-3V 3
o |
.; __ — v 5
2 —
% 6 F— —% ]
o — Resolution  Cluster Size @ V =-3V -]
N g~ —e— —e— W7-R10 Non Irradiated —14
Sl N — g - o @~ " "=~ W77 Non Iffadiated """ """ 77" i
— =2 S o W?7-R17 TID Irradiated, 206 krad —
— = = W?7-R5 TID Irradiated, 205 krad ]
4 A A W?7-R38 TID Irradiated, 462 krad —13
— a2 7 W7-R41 TID Irradiated, 509 krad —]
— & & W8-R5 NIEL, 1.7e+13 1MeV neq/cm3 —
o =R .~ = . T WeR7NEL17eri3iMeVn /om 7,
2|— Z
[ M ——— ¢
— — 1
= _
0 :I 1 1 I 1 1 1 1 I 1 L 1 1 I 1 1 1 1 I 1 1 1 L I 1 I: 0
100 200 300 400 500
Threshold (e)
« Similar performance before and after irradiation
« Chip-to-chip fluctuations negligible
* Resolution of 4-6 ym up to ~ 300 electrons threshold range
CE{W | | |
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ITS Hybrid Integrated Circuits (HICs)

Each HIC (IB and OB) consists of X chips and a Flexible Printed Circuit (FPC):

ITS Inner Barrel Module — 9 chips, common clock and control, independent data lines
Clock + Control + Trigger

I L 1 1 ! I

Serial Outputs (1200 Mbps)

ITS Outer Barrel Module — 2 groups of chips, Master + 6 Slaves

Only the Master interfaces to the external world and bridges control and data transfer
Clock + Control + Trigger

Clock, Control, Local Data R N

ﬂ 0 0 m 0 0 ﬂ Serial Out (400 Mbps)

Clock, Control, Local Data g Serial Out (400 Mbps)
Clock + Control + Trigger
CE/RW | _ .
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ALICE ITS in Numbers

— Middle layers
—

Inner Barrel HICs (x 9 chips): 48
Outer Barrel HICs (x 14 chips): 1692
Chips IB: 432

Chips OB: 23 688

Beam pipe

In order to supply 20% spares and to account
for yield losses at the different steps 1400

wafers with each 46 chips
will be produced, thus resulting in
~64 000 chips

to be thinned, diced and tested.

CE/RW _ |
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| d Dicing

inning an

Th

for the OB they are

For the IB the silicon pixel chips are thinned to 50 ym

thinned to 100 ym.

the spacing between

To minimize the dead area between chips in a module

the active areas of two ch

is 150 pm.

long z

ips a

Pixel Matrix

Pixel Matrix

31
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Thinned ALPIDE Wafer

|
l\\l\\\l\\\\\N\T\\ﬁ\}}\t\ﬂ_\)\g\l}\\l\\\l\\l\ﬂ\!\\\_\\\g\(\}\\\\\\\\\\\\\

Thinning process optimised to reduce bending of the chips
(<300 pm over 3 cm for 50 um thick chips).

April 28, 2017 P.Riedler, CERN Detector Seminar
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“Design for Dicing”

In order to have an optimum cut line at the chip edges, the reticle layout on the

wafer has been adapted such to have a completely test structure free region
next to the seal-ring where the blade passed through the silicon.

S8 ¥
-k
%

2 X dicing to separate:chips

R

ELYRE])]

w———Scribe *

C@
\
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Dicing Requirements

Pixel (27 pm x 29 pm)

Stringent requirements on the
dicing, i.e. cut edge at 15 ym
from the electronics seal ring
(+/- 5 ym) with no chip-outs or
cracks within 10 ym from the
sealring.

Visual inspection of all edges
prior to assembly!

“Dead space” on the chip edge
~30 ym on three edges, and
about 1.1 mm on the side with
pads - maximise sensitive

area
Electronic seal ring Cut edge
(i@ April 28, 2017 P.Riedler, CERN Detector Seminar 34




Module Studies

During the R&D different (new) ways to assembly a silicon
module were explored (EP-AID/ESE/DT):

Minimising the dead zone at the edge of the chip in order to
achieve a maximum of sensitive surface in the detector:
-  Extending the pixel matrix as far as possible to the edge.

« Clearing the chip edges of test structures to allow dicing close to
the sealring.
« Redistributing supply and I/O pads over the pixel matrix.

New interconnection techniques were studied to make the
connection between the chips and a flex cable:

« Direct laser soldering

«  Conductive glues

CE/RW
\
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Pads over Matrix

67 pads distributed over the pixel matrix with 300 um diameter and made of

two metal layers (M5,6)

April 28, 2017

Metal 6 (ripped due to cutting+polishing)
Vias  Metal 5

B S ] 7»-} ," Tt
| I|||||||||||||||||||||||||||||||||||||||||||| ALY IIIIIIIIIIIIIIﬂI

EHT =10.00 kV m.meyer
WD= 39mm SamplelD= Date :21 Nov 2016 @

Signal A = InLens Mag= 1.83KX
M.Meyer, EN-MME-MM
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Pad over Matrix

Laboratory tests:

« Thresholds from S-curve scan show slight tail in the distribution due to
pads over matrix

* No effects seen in the testbeam measurements = pads over matrix ok

Number of Pixels

g
g

IIII]IIIIIIIIIIIIII]IIIIIIIIIIIHIIHII]II

Mean: 64.6 e

RMS: 11.4e
50000

40000

30000

20000

11 L1 1 1 11 I ) I l Ll 1 1 l | I | L1 1 I
50 100 150 200 250 300 350
Threshold [e]

oO

M. Keil, ALPIDE PRR, Dec.2016

CERN .
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Interconnection Study

Two types of interconnections for the
pads over matrix to the FPC:
. Direct laser soldering

. Conductive anisotropic glue (not Space Fra
discussed here)

Cooling Ducts

— Mechanical
Connector

9 Pixel Chips

Laser soldering:

- The connection between the chip
and the flex is made by a solder
ball, thus providing an excellent
electrical connection

« The solder connection also
provides the mechanical
connection to the flex

Solder Balls

Flexible Printed Circuit

CERN
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Laser Soldering

o Industrial technique adapted for
ALICE ITS studies

soldering mask
//

- Flux-less soldering of ~200 pm =
diameter Sn/Ag(96.5/3.5) balls (227 chip
°C melting T) in vacuum ( <10-" mbar)

- IR diode laser, 976 nm, 25 W, 50 mm
focal length, 250 mm beam spot size

- Laser power modulated by before

pyrometer, programmable T profile
ensures precise limitation of heating

-  Soldering mask (in Macor® or
Rubalit ®) used to push FPC on chip
and guide soldering balls inside FPC
vias

CE/RW
\
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Laser Soldering

Detailed study, building single chips connected to FPCs as well as full size

modules. Optimisation of the process included metallurgical and optical analysis of
the solder connections.

A. Junique

Study to achieve required 99.5% vyield in soldering quality (100% for signal
connections) could not be completed in the available time - decided to
use wire bonding.

Laser soldering still needs R&D work, but is a promising option (ditto
for the conductive anisotropic glue).



IB and OB HIC Production

Automatic p&p arm with inspection camera

The HICs are being assembled
using a custom machine
(ALICIA), which aligns the chips
into the HIC positions (position
accuracy +/- 5 ym) and provides
the possibility to probe the chips
and to do a fully automatic visual
inspection.

The HICs will be produced in
several construction centers:
CERN (DSF cleanroom), Bari,
Liverpool (UK), Pusan (South
Korea), Wuhan (Chlna) V. Manzari
Probecard Alignment table for the chips  Tray of chips
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C
\

HIC Assembly (IB)

A. Di Mauro

Glue deposition on FPC
(Ablestik 45 W)

Chip alignment

IB HIC ready for wire bonding

Wire bonding

E/RW ‘ April 28, 2017
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FPC+chip connection and

curing (RT for 12h)
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HIC

Electrical characterisation, e.g. threshold scan carried out after full assembly.
Example: OB HIC

4
21000 S0
oc
400
800 350
300
600 250
200
400
150
200 100
50
% 1000 2000 3000 4000 5000 6000 7000 O

Column
M. Keil, HIC and Stave PRR
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Timeline ALICE

Completion of R &D

2016 2017
2014 2015
Production,
construction,
tests

ITS

Integration,
commissioning
at surface

High lumi

Pb-Pb with

upgraded
ALICE

O

2018

LS2

O

Installation in
ALICE

O

After LS2

Production of components (chips, etc.) has already started and the HIC
production is about to commence (PRR yesterday).
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MAPS in Future Experiments

Present MAPS offer a number of very interesting advantages, but the diffusion

is a limiting factor.

In a (very) high radiation
environment (10"°-10% n . /cm?):

NWELL TRANSISTORS NWELL
DIODE NMOS PMOS DIODE

 The ionization charge is
trapped/recombined in the
non-depleted part - no more
signal.

» Diffusion makes signal
collection slower than typical
requirements for pp-colliders.

DEEP PWELL

t PWELLI NWELLyPWELL
DEEP /PWELL

==

Epitaxial Layer P-

Readout architectures are low
power, but not designed for high
rates like p-p at LHC.
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Challenges for the Future

Increased luminosity requires
«  Higher hit-rate capability
«  Higher segmentation
«  Higher radiation hardness
«  Lighter detectors

Radiation hardness improvement
compared to now

«  Phase-2 approx. factor 10-30

Can MAPS be ready for this
environment?

46
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MARPS for the Future

The ALPIDE has demonstrated that partial depletion extends the operability of
MAPS to the radiation levels of ALICE.

Depletion will allow to collect charges by drift and not diffusion :
- reduce charge trapping/recombination (10'°-107® n,./cm?)
—> faster signal collection (25 ns BC)

In addition, the design needs to be adapted to meet the specifications.

NWELL TRANSISTORS NWELL

DIODE ~ NMOS  PMOS DIODE
PWELL [:j PWELL_A_NWELL Mpweu tj
DEEP PWELL DEEP /PWELL

Epitaxial Layer P- J """" X

Achieving these goals can be the path to radiation hard and fast CMOS sensors.
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MARPS for the Future

Different types of MAPS are under study, with the aim to achieve radiation
hardness through depletion, high rate capability, low power, .....

Enabling technologies are now available, which were not there some years

ago ,e.Jg..
“High” Voltage Special processing add-ons (from automotive and power management
add-ons applications) increase the voltage handling capability and create a
depletion layer in a well’s pn-junction of 0(10-15 um).
“High” Resistive 8” hi/mid resistivity silicon wafers accepted/qualified by the foundry.

Wafers Create depletion layer due the high resistivity.

solated Dran NDMOS

Technology features Radiation hard processes with multiple nested wells.
(130-180 nm) Foundry must accept some process/DRC changes in
order to optimize the design for HEP.

from: www.xfab.com

Backsic_ie Wafer thinning from backside and backside implant
Processing to fabricate a backside contact after CMOS processing.

CERN .
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Depletion and Fill Factor

To better deplete the active volume:
- Use high resistivity (epi) wafers (~kOhmcm) d o« W
- Apply bias voltage

The fill factor will affect how the depletion region grows:

Large fill factor Small fill factor
. Uniform charge collection » Higher gain and faster response due to
Large capacitance (~50-200 smaller capacitance (2-5fF) and higher
fF) on CSA Q/C
. More power necessary to « Potentially lower power consumption
achieve fast signals with « Signal collection under DPW after
reasonablg amplitude irradiation more difficult on edges

P-substrate
(high ohmic > 1kQ cm)

~50-100 pm
-

Schematic cross-section of CMOS pixel sensor
(ALICE ITS Upgrade TDR)

CERN .
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Examples: Large Fill Factor

An example of large electrode pixel sensors are the development lines in the
LFoundry and in AMS processes.

LFoundry:
- L-Foundry 150 nm process (deep N-well/P-well)
Up to 7 metal layers
Resistivity of wafer: >2000 Q-cm
Small implant customization
Backside processing

o 18v

P. Rymaszewski et al., JINST 11 (2016) 02 C02045 "
T. Hirono et al., doi:10.1016/j.nima.2016.01.088 universitatbonn

<10
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LFoundry Development Line

CCPD_LF

Subm. in Sep. 2014

33 x 125 ym2 pixels

Fast R/O coupled to FE-14
Standalone R/O for test

(Almost) Fully
characterized

Edge TCT on neutron irradiated CPIX sensors up to 2x10" neg/cm?

LF-CPIX (DEMO)

Subm. in Mar. 2016

CPIX demonstrator in LF
50 x 250 ym? pixels

Fast R/O coupled to FE-I4
Standalone R/O for test
First meas. available

0 50 100 150 200 250 300 350 400 450
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LF-Monopix01 (monolithic)
Subm. in Aug. 2016

*  “Demonstrator size”

« 50 x 250 ym? pixels

Fast standalone R/O

« Standalone R/O like LF-CPIX

10mm
< >

LF-Monopix01

9.5mm

(Monolithic)

. |. Mandic, B. Hiti (Ljubljana)
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AMS Development Line

Capacitively Coupled Pixel Detectors (H18 AMS
process)

. Capacitive-Coupling of CMOS sensor to
ATLAS FEI4 (sensor pixel size 33x 125um?2)

. Blocks for monolithic design implemented an
studied (DAC,Amplifier, Discriminators,
Configuration)

. Efficiency of > 99.5%

. Signal collected in 3BC

T. Weston/ Uni Bern @ TREDI 2017
Mathieu Benoit / Uni Geneve

H18 CCPDv5

— First prototype in aH18 process (Hi-
Resistivity wafer processing)

— Many beam tests carried out to test
operation, tuning, achievable threshold
and efficiency

 600-650e Threshold

?E/RW ‘ April 28, 2017
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Example: Small Fill Factor

Collection diode ~ 2-3 ym g, C~ O(few fF)

Small input capacitance of few fF compared to 27 umx 29 ympixel . Kugathasan, W. Snoeys
hybrid pixels (O (100fF, IBL))* or large fill factor BELH l::l L fiere

MAPS - beneficial for timing, noise and power!

|

1. Input capacitance drives peaking time and Il =
ENC - low input capacitance will reduce || .
peaking time and ENC

2. Analog power: depends on collected charge el
over capacitance Q/C in the pixel = optimize fiw 1l |, S
sensing node**

TRANSISTOR / TRANSISTOR

Pwa‘.n.-b/l ‘-wasu.

S m
P~{%¢ Wwith2<m<4
c
Schematic cross-section of CMOS pixel sensor
(ALICE ITS Upgrade TDR)
But collection underneath deep p-Well is limited “Havranek et al, NIMA 714 (2013) 83-89
due to dep|etion limit... ** W. Snoeys, NIM. A765 (2014) 167-171
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\/_>I ‘ April 28, 2017 P.Riedler, CERN Detector Seminar 53



Modified TowerJazz Process

NWELL NMOS PMOS
DIODE TRANSISTOR TRANSISTOR

NWELL

DEEP PWELL
ad \"

Epitaxial Layer P- ot N

Schematic cross-section of CMOS pixel sensor
(ALICE ITS Upgrade TDR)

* Modified Process
* Add planar n-type layer

« Significantly improves depletion
under p-well with deep junction

* Does not require significant circuit
or layout changes

L. Musa, ECFA High Luminosity LHC Experiments Workshop - 2016

(iE/RW ‘ April 28, 2017
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Small collection electrodes

— Higher gain and faster response due
to smaller capacitance (~5fF) and
higher Q/C

— Potentially lower power consumption

— Signal collection under DPW after
irradiation more difficult on edges

NWELL TRANSISTORS
DIODE NMOS  PMOS
PWELLINWELLJ } @ L lPWELL | |
| DEEP PWELL J
N_
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Towerdazz 180nm Investigator

SuB SuB IRESET  AVDD
PIX_IN ’ VRESET
\
- -

= ¢ gm e
nwell
deep pwell deep pwell
epitaxial layer

Spacing Not to scale
Diameter | _5_ ~ " PMOSReset :
- D— H
|2 |
'3 :
™ woalor :
I
i i
i ClIRESET Collection |
| electrode |
! l
| —LAVSS suB |

_______________________

p 20 to 50 um S

* Pixel dimensions
for the following
measurements:

« 20x20 to 50x50um?
pixel size

* 3 um diameter
electrodes 25um EPI
layer

2-3 um

CE/RW
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Designed as part of the
ALPIDE development for the
ALICE ITS upgrade

Emphasis on small fill factor and
small capacitance enables low analog
power designs (and material reduction in
consequence)

C. Gao et al., NIMA (2016) 831
http://www.sciencedirect.com/science/article/pii/
S0168900216300985

J. Van Hoorne, proceedings of NSS2016
http://2016.nss-mic.org/nss.php

Produced in TowerJazz 180nm on 25-30um
thick epi layer in the modified process

Design: C. Gao, P. Yang, C. Marin Tobon, J.
Rousset, T. Kugathasan and W. Snoeys
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After 10" n_./cmZ2and 1Mrad TID

QlTrE
I Sr90 on 50x50um pixel for modified process after neutron irradiation ‘ l Sr90 on 50x50um pixel for modified process after neutron irradiation ‘
> 0085 g o022
£ - @ -
=] - Vsub = 6V Unirradiated MPV = 18.937 +/- 0.122 mV g_ 0.2} W Vsub = 6V
8 0.03 Il 1e14 neq MPV = 19.499 +/- 0.147 mV ] = l
‘> - 1e15neq MPV =15.904 +/-0.124 mV E; 0.18 - Unirradiated Peak = 16.67 sigma 1.96 ns - sigma/peak = 11.76 %
> B L . .
= 0.025— _ = 0.16— 1e14 neq Peak = 16.03 sigma 2.10 ns - sigma/peak = 13.10 %
% - M PV - 19 mV pFE-rad, % E L 1e15 neq Peak = 18.98 sigma 2.78 ns - sigma/peak = 14.63 %
0@ N c 0.14—
0.02- 16 mV after 1e15 n,, 012k
- - o = 1.96 ns pre-rad,
0.015 0.1 =
| 008 | 2.78 ns after 1e15 n,
0.0117 0.06 |
0.005 004
0.02|—
0 lll.lIIIIIIIlllllllllllllllllll o: 1, 0001 1SV Sl INDTEN IS NSRS EN N BN OE DN DTN TSN AN AUET N ST AT A
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80 90 100
Signal [mV] Charge collection time [ns]

Very little signal loss after 1015, also very encouraging results on detection efficiency.
Signal well separated from noise.
Measurements on samples irradiated to 10" n.,/cm? ongoing.

H. Pernegger, Terascale Detector Workshop, DESY, April 2017
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Next Step

- Investigator measurements after 10> n,,/cm? very
encouraging

- Small fill factor design in modified TowerJazz 180 nm
process is very promising for higher radiation levels

Submission of full-size monolithic sensor chip matching the
ATLAS specs in the modified process of Towerdazz:

« Analog front-end with CSA+discriminator optimized for 25 ns
in-time efficiency and low threshold operation

« 2 x 2 cm? chip size with <50 x 50 ym? pixels

«  Monolithic design includes readout architecture which copes
with ATLAS outer layer hit rate requirement

H. Pernegger, Terascale Detector Workshop, DESY, April 2017
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Towerdazz Submission May 2017

TJ MALTA TJ MonoPix
Full matrix = 512x512 pixels  512x256 pixels R mn
Design/CERN Design/Bonn/CERN T -+
Active area 18 x 18 mm2 « Active area 18 x 10 mm?
Hit memory in active * Hit memory in active
matrix matrix (2 flip-flop per
All hits are pixel)
Asynchronously  Synchronous column s .
transmitted over high- drain architecture 1 T
speed bus to EoC logic  « Hit address asserted to
No clock distribution bus with 40MHz token = =
over active matrix to « 6 bit ToT coding at end
minimize power and of column

digital-analog cross-talk

H. Pernegger, Terascale Detector Workshop, DESY, April 2017
C\w ‘ April 28, 2017 P.Riedler, CERN Detector Seminar

N7

58



Summary

The development of monolithic active pixel sensors have made
significant progress in the last years.

The STAR HFT pixel upgrade and the ALICE ITS upgrade are
entirely based on MAPS.

A lot of work is being done to make MAPS an attractive option for
high rate and high radiation environments.

We can expect some exciting results from new chips in the next
months and will look out for new module assembly and
interconnection ideas!
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